This pest survey card was prepared in the context of the EFSA mandate on plant pest surveillance (M-2017-0137) at the request of the European Commission. The purpose of the document is to assist the Member States to plan annual survey activities of quarantine organisms using a statistically sound and risk-based pest survey approach, in line with current international standards. The data requirements for such an activity include the pest distribution, its host range, its biology and risk factors, as well as available detection and identification methods. This document is part of a toolkit that consists of pestspecific documents, such as the pest survey cards, and generic documents relevant for all pests to be surveyed, including the general survey guidelines and statistical software such as RiBESS+.
Introduction
The information presented in this pest survey card was summarised from the current EU emergency measures on Bursaphelenchus xylophilus (Commission Implementing Decision 2012/535/EU 1 ), a scientific opinion on B. xylophilus and pest categorisation on non-EU Monochamus species by EFSA (EFSA PLH Panel, 2012 , the Pest Risk Analysis (PRA) for B. xylophilus by EPPO (2009) , the PM7/4 (3) EPPO standard on diagnostics (EPPO, 2013) , and other scientific documents.
The objective of this pest survey card is to provide the relevant biological information needed to prepare surveys for B. xylophilus in the EU Member States (EFSA PLH Panel, 2018) . This document is part of a toolkit that is being developed to assist the Member States with planning a statistically sound and risk-based pest survey approach in line with International Plant Protection Convention guidelines for surveillance . The toolkit consists of pest-specific documents and generic documents relevant for all pests to be surveyed:
i.
Pest-specific documents: Bursaphelenchus xylophilus is the causative agent of pine wilt disease (Figure 1 ), a severe hypersensitive response shown by infested trees (EFSA, 2019 OJ L 266, 2.10.2012, p. 42-52. 2 The content of this EFSA Supporting Publication is reproduced as a live document available at https://efsa.maps.arcgis.com/apps/MinimalGallery/index.html?appid=f91d6e95376f4a5da206eb1815ad1489 where it will be updated whenever new relevant information becomes available 3 https://zenodo.org/record/2541541/preview/ribess-manual.pdf 4 https://websso-efsa.openanalytics.eu/auth/realms/efsa/protocol/openid-connect/auth?response_type=code&client_id=shiny-efsa&redirect_uri=https%3A%2F%2Fshiny-efsa.openanalytics.eu%2Fsso%2Flogin&state=d6f7f997-d09f-4bb0-afce-237f192a72d5&login=true&scope=openid 
EU pest regulatory status
Bursaphelenchus xylophilus is a Union quarantine pest listed in Annex II, part B, of Commission Implementing Regulation (EU) 2019/2072 5 . This part of the Annex contains the Union quarantine pests that must not be introduced into, moved within, or held, multiplied or released in, the Union territory, but are nevertheless known to occur in the Union territory. Bursaphelenchus xylophilus is also listed as a priority pest under Commission Delegated Regulation (EU) 2019/1702 6 .
In addition, non-European populations of beetles of the genus Monochamus (Coleoptera:
Cerambycidae) are listed in Annex II, part A, of Commission Implementing Regulation (EU) 2019/2072. Monochamus beetles are vectors for B. xylophilus and could thus provide a pathway for its introduction. The regulatory status of the vector is described in more detail in the pest survey card on non-European Monochamus species (EFSA, 2020) .
The main pathway for new introductions to Europe of B. xylophilus is closed given that the import of plants of Abies, Cedrus, Chamaecyparis, Juniperus, Larix, Picea, Pinus, Pseudotsuga and Tsuga is prohibited from non-European countries (Annex VI of Commission Implementing Regulation (EU) 2019/2072). In addition, special requirements are laid down in Annex VII of Commission Implementing Regulation (EU) 2019/2072, depending on the origin and characteristics of the material, for imports of the wood of conifers (Pinales) (points 76, 78, 79 and 80) and for imports of chips, 5 Commission Implementing Regulation (EU) 2019/2072 of 28 November 2019 establishing uniform conditions for the implementation of Regulation (EU) 2016/2031 of the European Parliament and the Council, as regards protective measures against pests of plants, and repealing Commission Regulation (EC) No 690/2008 and amending Commission Implementing Regulation (EU) 2018/2019. OJ L 319, 10.12.2019, p. 1-279. 6 Commission Delegated Regulation (EU) 2019/1702 of 1 August 2019 supplementing Regulation (EU) 2016/2031 of the European Parliament and of the Council by establishing the list of priority pests. OJ L 260, 11.10.2019, p. 8-10. particles, sawdust, shavings, wood waste and scrap obtained from the wood of conifers (Pinales) (points 77 and 81), and isolated bark of conifers (Pinales) (point 82 For the laboratory testing, Implementing Decision 2012/535/EU refers to the diagnostic protocol in EPPO standard PM7/4 (EPPO, 2013) or to the use of methods that have at least a sensitivity and reliability equal to the methods that are described in that EPPO standard.
In demarcated areas, more intensive annual survey activities of the susceptible plants and the vector are required, particularly in the 3 km around each infested host plant. The intensity of these surveys should be at least four times higher than from 3 km to the outer limit of the buffer zone. In demarcated areas, all susceptible plants which are dead, in poor health or situated in fire-or stormaffected areas need to be felled (unless vectors are proven to be absent).
Pest distribution
Bursaphelenchus xylophilus is believed to originate from North America ( Figure 2 ). The nematode is widespread in Canada and the USA (Sutherland, 2008) , where it occurs in nearly all federal states or provinces where pine and other conifer forests exist. Reports from Mexico are unconfirmed (EPPO, 2013) . Native pine trees in North America do not suffer from pine wilt disease because of coevolutionary development of both host trees and the nematode, while the non-native Pinus sylvestris was reported to be affected by the disease (EPPO, 2013).
B. xylophilus has been introduced to Asia (Figure 2 ). The pest is thought to have been carried to Japan at the beginning of the 20th century on timber exports (EPPO, 2013) . In Japan, B. xylophilus is now widespread on three of the four main islands (Futai, 2008) and has caused massive mortality of native pine trees of the species Pinus densiflora, P. thunbergii and P. luchuensis. It has also spread into China (Zhao, 2008) , Korea (Shin, 2008) and Taiwan (Tzean and Jan, 1985) In the EU, B. xylophilus was detected on Pinus pinaster in continental Portugal in 1999 (Mota et al., 1999) , followed by an outbreak on the Portuguese island of Madeira in 2009 and several outbreaks in Spain from 2008 onwards (Abelleira et al., 2011; European Commission, 2016) . 
Life cycle
Bursaphelenchus xylophilus has a complex life cycle which involves pine trees (the host plant and a food source), Monochamus beetles (the vector) and wood-inhabiting fungi (a food source) ( Figure 3 ).
Under field conditions, the only demonstrated means of transmission of B. xylophilus to susceptible host trees is by the adult stages of wood-inhabiting long-horn beetles of the genus Monochamus.
Other means of transmission (entry via wounds, through soil or by root grafting) have been suggested as a theoretical possibility or have been demonstrated in an experimental setting only (EPPO, 2009; Hopf-Biziks et al., 2017) . Adult beetles can transmit dispersal juveniles of B. xylophilus during oviposition and via the feeding wounds that are made by the beetles during maturation feeding (Linit, 1988) . For oviposition the female beetles are unable to lay eggs in fully healthy trees and, therefore, target weakened coniferous trees or coniferous trees that have recently died (Schröder et al., 2009 ).
Oviposition preferences depend on the Monochamus species involved, occurring on trunks, large branches, wood debris, timber and cutting waste.
The nematode can also be transmitted during maturation feeding, when the insects feed on young twigs (Schröder et al., 2009; Naves et al., 2007a) . Transmission to healthy trees may result in the development of symptoms of pine wilt disease, but only in susceptible Pinus species and under climatic and soil conditions that favour symptom development. The ability of vector beetles to transmit B. xylophilus during maturation feeding on branches seems to increase with an increasing nematode load on the vector (Linit, 1990) .
Following transmission, B. xylophilus will then live on living plant cells or on the hyphae of woodinhabiting fungi that colonise dead or dying trees (EPPO, 2013). B. xylophilus and a few other pathogenic Bursaphelenchus species are unique in their ability to feed on living trees, whereas most species within the Bursaphelenchus genus are fungal feeders only (Ryss et al., 2005) . The nematodes can build up very high population densities inside the host pine through the propagative life cycle, which consists of four juvenile stages (L1 to L4) before becoming adults ( Figure 3 ). When trees succumb to pine wilt (i.e. living trees are killed by the nematode) populations of the nematode can be found virtually throughout the tree. When nematodes are introduced only during oviposition, they tend to be more limited in growth and remain close to the development sites of Monochamus vectors.
The larval stages of Monochamus are initially present in the cambial zone close to where the eggs are laid, but after one or two moults the larvae then migrate to the wood in order to complete their life cycle. For the nematodes, when conditions inside the tree become unfavourable (e.g. absence of food), the L2 will moult into a third-stage (DL3) dispersal juvenile which is equipped to survive the declining conditions (Hasegawa and Miwa, 2008) . A high density of nematodes is a prerequisite for the appearance of the third-stage dispersal juveniles (Aikawa, 2008) . Pupation of the Monochamus beetles in infested wood triggers a response in the third-stage dispersal juveniles of B. xylophilus, which accumulate in wood close to the pupal chamber (Ishibashi and Kondo, 1977) . This juvenile stage moults into fourth-stage (DL4) dispersal juveniles which subsequently invade the pupal chamber and enter the tracheal system when the adults emerge from the pupal chamber (Linit, 1988; Necibi and Linit, 1998; Zhao et al. 2013) .
As stated in Togashi and Sekizuka (1982) , the nematode does not usually leave the beetle immediately after its emergence, but usually between 10 and 40 days afterwards. The lifespan of M. alternatus is negatively correlated with the initial nematode loads, which means that the number of nematodes failing to depart from the beetle is higher when the initial load is higher. Overall, the transmission efficacy (the total number of PWNs transmitted successfully) increases with an increasing nematode load within the vector (Linit, 1990) . Another factor affecting transfer to the host tree is temperature, since it affects the life span of the beetles (Jikumaru and Togashi, 2000) .
In the native range of B. xylophilus, M. carolinesis and M. scutellanus are the major vectors (Akbulut and Stamps, 2012) . In Asia, the main vector is M. alternatus (Nakamura-Matori, 2008) , while M. galloprovincialis is the main vector in the EU (Sousa et al., 2001) (Figure 4 ). The genus Monochamus comprises approximately 150 species, with a worldwide distribution and different trophic specialisations (Hellrigl, 1971; Cesari et al., 2005) . Cesari et al. (2005) provide an analysis of the taxonomy and phylogeny of the four Monochamus species that are present in the EU (M. galloprovincialis, M. saltuarius, M. sutor and M. sartor (including subspecies M. sartor urussovii; Wallin et al., 2013) all of which are also widely distributed in Asia.
Monochamus species can have several generations or one generation per year or have a life cycle
which takes more than one year to complete (Akbulut and Stamps, 2012) , depending on the species and the climatic conditions. In most of Portugal and in France, the majority of the M. galloprovincialis larvae take one year to complete their life cycle (a univoltine life cycle) (Koutroumpa et al., 2008; Naves et al., 2008) , while for southern Portugal, a bivoltine life cycle (two generations per year) has been reported (Firmino et al., 2017) . The flight period generally covers a part of the period April-October, but the exact timing and length of the period is affected by climate and needs to be established on a case-by-case basis. EFSA Supporting publication 2020:EN-1782 
Host range and main hosts
Bursaphelenchus xylophilus completes its life cycle on coniferous species belonging to the genera Abies, Picea, Pinus, Larix, Cedrus and Pseudotsuga. Pine wilt resulting in tree mortality tends to be in the genus Pinus. Species from these tree genera are widespread in the EU ( Figure 5 ). There are known differences in susceptibility between Pinus species too (EFSA PLH Panel, 2012).
Being a vector-borne disease, the host range of B. xylophilus is in great part determined by the host range of its Monochamus vectors. All Monochamus species indigenous to temperate regions attack species of Pinaceae. They are mainly Pinus feeders, but some may also utilise the genera Picea, Abies, Larix, Pseudotsuga and Tsuga (EFSA PLH Panel, 2012) .
In the EU, the vector species M. galloprovincialis prefers pine species, especially Pinus sylvestris and P. nigra, and occasionally also attacks Picea spp. (Brelih et al., 2006) . Females lay their eggs in Pinus sylvestris, P. halepensis, P. pinaster, P. radiata, P. pinea and Pseudotsuga menziesii, not all of which are European conifer species. However, larvae did not successfully complete development in Pinus pinea or Pseudotsuga menziesii in an experimental setting (Naves et al., 2006) . Further, the EFSA PLH Panel (2013) (Evans et al., 1996) . It is uncertain whether these genera are hosts for B. xylophilus.
In the EU, B. xylophilus has only been reported on Pinus pinaster, Pinus nigra and Pinus radiata (Inácio et al., 2015; Zamora et al., 2015) . However, it is known to affect other conifer species as well. Other vectors may contribute to spread and the disease may also be introduced into other areas, e.g.
the Scots pine (Pinus sylvestris) is known to be a host in North America and has been proved to be a host also by artificial inoculation with B. xylophilus (Hopf-Biziks et al., 2016) . Hence, the target population should include the known hosts for B. xylophilus, with emphasis on Pinus species, but it is not recommended to focus exclusively on these species. 
Environmental suitability
Climatic comparisons show that several regions in the EU have ecoclimatic conditions that are similar to those of the current distribution of the pest (Evans et al., 1996) . However, Bursaphelenchus xylophilus can be present without symptom expression depending on the environmental conditions. In some regions of North America and Japan, where the average summer temperature is lower than 20°C, there are no documented cases of susceptible trees dying of pine wilt even though B. xylophylus and its vectors are present in these areas, (Rutherford and Webster, 1987; Gruffudd et al., 2016) . Gruffudd et al. (2016) predicted the risk and expression of pine wilt disease symptoms across Europe using an evapo-transpiration model. The prediction was based on the mean temperatures for June-August. Areas where the mean temperature was 20°C or higher were considered to be at higher risk for pine wilt disease expression. Areas suitable for rapid wilt expression include Portugal, Spain, southern France, Italy, Slovenia Croatia, Hungary and Romania (Gruffudd et al., 2016 ) ( Figure 6 ). In northern Europe where mean summer air temperatures are lower than 20°C, B. xylophilus will occur as a saprophyte and pine wilt disease symptoms are not expected to develop (Gruffudd et al., 2016) . based on the process model described by Gruffudd et al. (2016) . The model outputs have been summarised as: red: rapid wilt expression, yellow: delayed wilt expression and green: no wilt expression
The preferred survey method depends on whether the environmental conditions in the survey area are likely to result in the development of symptoms of pine wilt disease ( In areas where the environmental conditions will result in delayed expression of the wilt disease symptoms, vector sampling should be used for the early detection of the pest. Hosts can also be inspected for visual symptoms, although considering the possible latency period, visual inspection is not reliable for early detection of the pest. (Kobayashi et al., 2003) and other Monochamus species are likely to be able play the same role. In general, Monochamus spp. are widely distributed across the EU on various coniferous trees (Hellrigl, 1971 ;
EFSA PLH Panel, 2018) and when they are present, they will likely be able to contribute to establishment of B. xylophilus.
1.7.
Spread capacity 1.7.1.
Natural spread
Host trees of Bursaphelenchus xylophilus are abundant throughout the EU; therefore, their availability will not limit the natural spread of the nematode. Natural spread of B. xylophilus takes place via Monochamus vectors. Detailed studies of the flight capabilities of M. alternatus in Japan and China indicate that most flights occur over short distances (up to 100 m), but these data are linked to appearance of pine wilt in an area and do not necessarily reflect maximum flight distances. Nevertheless, flights of longer distances (various estimates of between 1.8 and 3.3 km) can also take place (Shibata,1986; Togashi, 1990; reviewed in EPPO, 2009 ). Limited data have been published on the flight capabilities of European Monochamus species, but it seems reasonable to assume that their spread characteristics are similar to those of M. alternatus. It is also important to note that flights are over short distances when there is a local abundance of host trees, whereas when trees are absent, longer distance flights take place, which fits with the observations of > 10 km by Mas et al. (2013) .
Mark-release-recapture experiments with native and laboratory-reared M. galloprovincialis have been conducted under continuous forest cover over consecutive years (Etxebeste et al., 2016) , which showed that most of the recaptures occurred close to the release point, with a median dispersal of 233-532 m, while 99% of the dispersing M. galloprovincialis beetles did not disperse further than 2,344-3,496 m. Even longer recapture distances for individual beetles have been reported in experiments conducted in fragmented forests (8.3 km in Gallego et al., 2012; 13 .6 km in Mas et al., 2013) . Wind direction and strength can also be factors affecting beetle dispersion and flight distance and time (Weiss et al., 2019) .
In the context of the pest prioritisation project conducted by EFSA (2019), a panel of experts estimated the yearly spread rate of B. xylophilus through an Expert Knowledge Elicitation procedure.
The spread rate of the nematode was considered to be consistent with the lifespan of the vector. The median of the maximum distance expected to be covered in one year by B. xylophilus was estimated to be about 4.5 km ranging from 100 m (5 th percentile) to 14 km (95 th percentile).
The indicated probabilities of spread help to create a basis for the survey design. At a local level, the potential spread rate of B. xylophilus is required to delimit the areas of interest for the surveys around the potential areas of introduction of the pest.
For detection survey, when the purpose is to detect the pest, it would be sufficient to focus on the area within the median radius of 4.5 km from the risk locations. In case of a positive finding, the upper range of the distribution should be considered in the delimiting survey (14 km for 95 th percentile), as the objective of the survey is to define the boundaries of the area where the pest is contained and where eradication will be applied. This means that there is less than 5% chance for the pest to be found beyond 14 km from the focus of the outbreak.
Human-assisted spread
Human-assisted spread of Bursaphelenchus xylophilus may occur via the movement of infested wood or by transport and subsequent planting of infested host plants, even though plants for planting are considered to be an unlikely pathway for non-EU Monochamus spp. (EFSA PLH Panel, 2018) . The risk for establishment is especially high when trees or wood are infested with both the nematode and its vector. Major leaps in the distribution of pine wilt disease have been associated with the transport of wood infested with both B. xylophilus and Monochamus into previously uninfested areas (Robinet et al., 2009) . In 2009 a group of researchers modelled the spread of B. xylophilus in China, estimating a mean long distance spread of 111-339 km per year (strongly correlated with factors such as human population density, railways, river ports, and lakes) and a short distance spread of 7.5 km per year (Robinet et al., 2009 ).
Risk factor identification
Identification of risk factors and their relative risk estimation is essential for performing risk-based surveys. A risk factor is a biotic or abiotic factor that increases the probability of infestation by the pest in the area of interest. The risk factors that are relevant for surveillance need to be characterised by their relative risk (and should have more than one level of risk for the target population) and the proportion of the overall target population to which they apply. The identification of risk factors needs to be tailored to the situation in each Member State. This section presents two examples of risk factors for Bursaphelenchus xylophilus and is not necessarily exhaustive.
For the identification of risk areas, it is first necessary to identify the activities that could contribute to the introduction or spread of B. xylophilus. These activities should then be connected to specific locations. Risk areas can be defined around these locations. Their size depends on the spread capacity of the target pest and the availability of host plants around these locations.
With regard to plants for planting of host species for B. xylophilus from infested areas, the major pathways of entry are closed by the current legislation (Annex VI of Commission Implementing Regulation (EU) 2019/2072), while the current emergency measures (2012/535/EU) mitigate the risks for spread from the infested areas in Portugal and Spain. The import of coniferous wood from areas infested with B. xylophilus is large, but also subjected to special requirements (Annex VII of Commission Implementing Regulation (EU) 2019/2072).
For determining the risk areas, it would be sufficient to focus on the area within the median radius of 4.5 km from the risk locations (Section 1.7.1.). For delimiting surveys, the distance from the risk locations (using the values of 7.5 km for the 75 th and 14 km for the 95 th percentiles) could be used as a risk factor for prioritising the survey efforts closer to the outbreak focus where the pest is more likely to be found. The relative risks of the corresponding areas can be calculated using the estimated distribution values.
Temperature influences disease development and has a strong effect on all the risk factors because it affects both the biology of B. xylophilus and the Monochamus spp. The vector is more active in warmer areas, which facilitates the progression of infestation but also raises the probability of host plants to become infested.
As reviewed by EFSA PLH Panel (2018), possible pathways of entry include: a) conifer wood, whether in the round or sawn; b) wood packaging material and dunnage from conifers; c) conifer particle wood or wood waste large enough to host the larvae; d) coniferous wood products (e.g. furniture).
Example 1: Host plants
The host plant genus or species is another risk factor that can be useful for performing a risk-based survey, because of the preferences of the Monochamus beetles. The only proven vector of B. xylophilus in the EU (M. galloprovincialis) prefers pine species, especially Pinus pinaster, P. sylvestris and P. nigra, and occasionally also attacks Picea species (Brelih et al., 2006) . Note that in Europe B. xylophilus has, so far, only been reported on P. pinaster and P. nigra (Inácio et al., 2015) , but this partly reflects the tree species composition in the outbreak area. The EPPO standard on national regulatory control systems (EPPO, 2018) recommends that in situations where wilt disease is likely to occur, surveys should focus on the pine species that are most likely to show symptoms (P. pinaster, P. nigra, P. radiata and P. sylvestris).
Since B. xylophilus may become associated with Monochamus species other than M. galloprovincialis, the selection of host plants that are at a higher risk of becoming infested needs to be performed on a case-by-case basis and is dependent on which Monochamus species are present in the survey area and the host range of these particular vector species.
Example 2: Import of wooden packaging material
Wood packaging material (WPM) is regulated internationally by International Standards for Phytosanitary Measures (ISPM) No 15 and Art. 43 of Regulation (EU) 2016/2031 (specific import conditions for the introduction into the Union territory of WPM). When this standard is followed, the risk of introduction of B. xylophilus to new areas via WPM is fully mitigated. However, recurring interceptions of WPM infested with living insects and/or living nematodes and the large volumes of material moving along the pathway indicate that there are still risks associated with WPM in practice.
In those rare cases when both B. xylophilus and its vectors are present in imported non-treated WPM, transfer of B. xylophilus from the WPM to a suitable host plant could occur. Thus, trees in the vicinity of the sites where WPM (especially that used for supporting heavy objects, e.g. flooring stones from China) is stored could be a target for risk-based surveillance. Very often, these will be located in urbanised non-forest locations. A similar argument can be made for wood-processing yards (e.g. sawmills, roundwood producers and lumberyards) that process imported wood (EPPO, 2018).
Detection and identification

Visual examination 2.1.1. Disease symptoms on trees
Bursaphelenchus xylophilus has the ability to establish in trees as a saprophyte without symptom expression. The lack of symptoms under cooler conditions or during the latent period can make it difficult to detect B. xylophilus in time to allow for successful eradication (EPPO, 2018) .
Climatic conditions are expected to have a strong influence on the development of pine wilt disease; in North America and Japan, the symptom expression in susceptible host species is strongly inhibited in areas with mean summer air temperatures below 20°C (Rutherford and Webster, 1987 In those regions where wilt disease symptoms are likely to be expressed, surveys should focus on those pine species which are most likely to show symptoms (Pinus nigra, P. pinaster, P. radiata and P. sylvestris) and should be performed during the time of the year in which symptoms are likely to develop (EPPO, 2018) . Low mobility of the vector when food sources are plentiful may result in a clustered occurrence of symptomatic trees (Bonifácio, 2009) . Early autumn is when most of the symptoms of pine wilt disease appear, but in principle symptoms can be displayed at any time. Clear indicators of pine wilt disease are rapid discoloration (yellowing, browning and/or reddening), loss of needles and loss of resin pressure (European Commission, 2016) . Pine wilt can be sudden and tree death ( Figure 6 ) can occur within 1 to 3 months. The rapid increase in the population of nematodes blocks the water conductance in the xylem vessels (Figure 7) , which then become filled with air. Symptoms associated with pine wilt disease may appear similar to those caused by drought stress.
Laboratory examination of symptomatic plant material is always required to obtain an accurate identification of B. xylophilus. 
Detection of infested trees
Trees may be weakened or damaged by biotic agents, wind or snow, or suffer from drought stress. Irrespective of the cause of a decline in tree viability, weakened trees are exploited by Monochamus spp. for oviposition and, consequently, B. xylophilus transmission. In addition, Monochamus spp. also exploit recently dead trees or logging residues, which may thus be another target for surveillance, even in situations where pine wilt symptoms are not expected to occur. Identifying the inspection units for the survey depends on the behaviour and preference of the locally present Monochamus species which might prefer different parts of the same tree for oviposition (for more details, see Figure 3 in the pest survey card on non-European Monochamus species) (EFSA, 2020).
In areas where pine wilt symptoms are likely to occur, the timing of the survey should reflect what is stated in Section 2.1.1. Otherwise, the timing of the surveillance activities is less critical. Remote sensing from aircraft or drones may be used to help target ground-based inspections (JRC, 2015).
Detection of infested vectors
The detection of Bursaphelenchus xylophilus is also possible by capturing free-flying adults of Monochamus spp. with baited traps and subsequently testing for the presence of associated B. xylophilus (Firmino et al., 2017) . Particularly in areas where pine wilt symptoms are not expected to occur, detection should be primarily based on trapping these insects (EPPO, 2018) .
Teflon-coated traps (either cross-vane or multi-funnel) and containers for captured beetles should be used (European Commission, 2016) . Multi-funnel traps consist of a series of connected funnels ending with a cup in which the insects are collected (Figure 9 ). Cross-vane traps consist of two PVC sheets, a funnel and a collection cup. Monochamus beetles should be prevented from escaping, while avoiding saturation of the traps. This can be achieved by using insecticides in the collector cup or by frequent collection of the captured beetles from the cup, also adjusting the latter so that small non-targeted insects are allowed to escape. The fourth dispersal stage of the PWN can survive for 6 months in dry beetles (Ishibashi and Kondo, 1977) . Traps should be supplemented with pheromone and kairomone attractants (Pajares et al., 2010) . Lure vials are attached in the centre of the trap. Currently, the recommended blend consists of the male aggregation pheromone monochamol (2-undecyloxy-1ethanol) and the two bark beetle attractants ipsenol and 2-methyl-3-buten-1-ol (Pajares et al., 2010; Ryall et al., 2015; Teale et al., 2011; Rassati et al., 2012; Alvarez et al., 2016) . These substances can be complemented by the host volatile α-pinene (Pajares et al., 2010; Teale et al., 2011) , but the benefits of incorporating this terpene component into the blend may be outweighed by the detrimental effects of luring natural enemies of bark beetles and other non-target organisms ).
The trapping system composed of cross-vane traps and the Galloprotect Pack was also tested in North Monochamus spp. (Boone et al., 2019) .
Trapping can be performed in forest stands or in close proximity to risk locations (see Section 1.8).
The attraction range of traps baited with the monochamol, ipsenol, 2-methyl-3-buten-1-ol and αpinene blend is estimated to be approximately 100 m for M. galloprovincialis (Jactel et al., 2019) . It is recommended that traps should be hung as high as possible (at least 2 m) off the ground, either in the open or, if this is not possible, in the tree canopy at the edge of a clearing. When supportive branches are available these are the preferred location for the trap, while the trap can be stabilised using the trunk. When traps are placed on a risk location itself (for post-import monitoring) trees are preferred, but not always available. In these situations, a pole or fence can be used. Traps are also recommended to be placed out of reach and out of sight of footpaths. In dense forests, traps should be placed near the edge of a stand (e.g. along tracks or roads) or a gap/clearing (European Commission, 2016) . Dry traps should be monitored every 1-2 weeks while wet traps every 3 weeks. The exact timing of the trapping activity may vary across the different EU Member States depending on climate and latitude of the area where the survey is performed. The timing of the surveillance activities should obviously match the flight season of the Monochamus spp. (e.g. the most appropriate period in Portugal is mid-June to mid-August: Naves et al., 2007a Naves et al., , 2008 . In a study performed in southern Portugal, B. xylophilus was much more abundant in vectors flying earlier in the season and dropped nearly to zero in vectors flying later in September (Firmino et al., 2017) . The choice of the trapping method may also depend on whether additional target species are integrated into the survey activities. In the latter case, the application of additional lures may also be required. 
Sampling
Wood samples
After transmission by oviposition (Naves et al., 2007b) , Bursaphelenchus xylophilus can initially be concentrated near the point of entry in the tree. This needs to be considered when sampling affected trees (Schröder et al., 2009 ). These sites may not be in the main trunk area. For example, Monochamus galloprovincialis lays its eggs only in the upper trunk and thicker branches of the host trees (EPPO, 2018) . When a tree has died as a consequence of pine wilt disease, the likelihood that B. xylophilus has spread throughout the whole trunk is assumed to increase. If a tree has been infested during maturation feeding (Naves et al., 2007a) , but is not yet showing strong wilt symptoms, the nematodes are more likely to be localised close to the maturation feeding sites in the upper part of the tree, and therefore will not be detected in the main trunk (EPPO, 2018) .
A recent study by Nakabayashi et al. (2018) tested several sampling strategies on a limited number of trees in Japan infested by M. alternatus and found that trunk samples tested positive more often than branch samples when using DNA-based detection. Consequently, B. xylophilus is more likely to be detected by taking samples from several positions along the trunk, while always including the upper trunk and canopy area and any part where Monochamus activity is observed (e.g. signs of maturation feeding, grub holes, galleries).
Note that when sampling is based on detection of trees with Monochamus activity (when pine wilt disease symptoms are not expected, which applies to most countries in northern Europe), wood samples will need to concentrate on trees that are weak enough to support breeding by Monochamus. in order to detect a low prevalence of B. xylophilus at a high confidence level (Magnusson et al., 2007) .
The sampling density should be a case-by-case decision based on recorded densities of related species, like B. mucronatus, in samples of wood or cutting waste, or nematode frequencies in trapped insect vectors. For example, in Norway the mean frequency of suitable dead-wood objects for oviposition by M. sutor was estimated at 288 per km 2 (Økland et al., 2010) . B. xylophilus, being a new invader, would have a much lower frequency of occurrence than native B. mucronatus. This means that many wood samples (about 10,000 samples annually) are needed for detection in a situation of expected low nematode abundance (Økland et al., 2010) .
A detailed description of the preferred sampling strategy can be found in the EPPO Standard PM 9/1 (6) (EPPO, 2018):
'For extended surveys and intensive sampling of B. xylophilus in trees and cutting residues, a powerful, water-tolerant, cordless drilling machine may be the best solution for collecting wood samples. It is important to operate it at a slow speed, using a bit-size with a diameter of at least 17 mm, to produce shavings for the samples. The diameter of the drill is not critical, but smaller drills may generate more heat than larger ones. For dead trees, an alternative way of sampling for detecting B. xylophilus is to cut wood discs from three positions along the length of the felled tree, with particular emphasis on taking samples from the upper trunk/canopy of the tree. Bark should be removed before cutting to enable the presence of staining fungi or insect gallery systems or grub holes to be observed. Bark removal will reduce contamination of the sample with saprophytic and insect-associated nematodes, including other Bursaphelenchus species. Nevertheless B. xylophilus occurs also in the bark. The discs should be taken from such contaminated wood and should be cut into small pieces using a method that does not generate heat. A chainsaw may also be used to produce sawdust from several parts of the tree. In all cases, at least 60 g of wood should be taken from each tree. It is important to avoid cross-contamination between samples from different geographical locations; use of, for example, a mini-burner to sterilize instruments or alcohol (> 70%) to clean instruments and avoiding previously used containers will reduce the risk. The samples should be collected in new plastic bags, labelled (location, including GPS coordinates where possible), sealed and kept out of direct sunshine while being taken to the laboratory.'
Insect samples
Dry trap samples should be collected from the collector cups at regular intervals (i.e. once per week or every two weeks). If not already dead (e.g. when using insecticides in the collector cup) it is necessary to ensure that the insects do not escape during transport in order to avoid the further spread of the vector possibly carrying the nematode.
When wet trapping is used, the intervals between collecting dates can be increased to three weeks (Heijerman and Noordijk, 2017) so trapping requires fewer time resources. However, note that it will no longer be possible to retrieve living nematodes from the sample and PCR-based testing will be required. Neither will it be possible to use the Baermann funnel technique since it works only when nematodes are alive. DNA extraction has to be performed within four weeks when using nematodes submerged in mono-ethylene glycol (Berkvens et al., 2017) .
Laboratory testing and pest identification
Bursaphelenchus xylophilus can be detected and identified in infested plant parts (plants for planting, cut branches, wood, bark and wood shavings) and in adults of Monochamus spp. The EPPO diagnostic standard PM7/4 (3) on diagnostics of Bursaphelenchus xylophilus (EPPO, 2013) gives a detailed description of the necessary steps for detection and identification. About 100 species of Bursaphelenchus have currently been described (Hunt, 2008) .
Following Standard PM7/4 (3) (EPPO, 2013), wood samples require incubation followed by extraction using the Baermann funnel technique. Using a stereo microscope, nematodes can then be transferred for microscopic examination and morphological examination ( Figure 10) . In principle, when applying molecular methods on wood samples, these can detect B. xylophilus faster and with a greater sensitivity than by application of the Baermann funnel method (Nakabayashi et al., 2018) , but the size of the tested samples is very different from the sample size normally used for the Baermann funnel technique. In addition, this direct detection approach by molecular assay would detect dead nematodes as well. Consequently, a first detection should for example be confirmed by morphological examination. Molecular methods can also be applied to the nematodes extracted that result from the Baermann funnel technique, e.g. EPPO (2013) introduces a screening procedure based on a modified Baermann extraction method followed by a real-time PCR test (adapted from François et al., 2007) .
Several suitable tests are described in PM7/4 (3), including a real-time PCR test developed by François et al. (2007) . A recently developed LAMP test is described in the IPPC Diagnostic Protocol on B. xylophilus (IPPC, 2016) , while information on DNA barcoding of B. xylophilus is described in EPPO Standard PM 7/129 (EPPO, 2016) . These methods can also be used when morphological identification is doubtful.
After Monochamus beetles have been transported to the laboratory, the species should be identified.
In the EU, four Monochamus spp. are known to occur, which can be distinguished based on morphological features and molecular characteristics (Cesari et al., 2005) . Note that the distinction between M. galloprovincialis and M. sutor is considered a taxonomical challenge (Koutroumpa et al., 2013) and largely based on male and female genitalia (Wallin et al., 2013) . The main morphological characteristics used for their identification are extremely variable within M. galloprovincialis. Molecular data confirm the close relationship between these two species (Koutroumpa et al., 2013 
Key elements for survey design
The preferred strategy to survey the causal agent of pine wilt disease, B. xylophilus, is dependent on whether the environmental conditions in the survey area are likely to result in the development of symptoms (see Section 1.6). When symptoms are expected, visual inspections and sampling of weakened or recently dead trees is recommended for general surveillance. When symptoms are not expected, surveillance should focus on sampling and testing Monochamus spp. as vectors of the pest.
It could additionally be useful to test weakened or dead trees when symptoms are not expected, because these are preferred sites for oviposition of Monochamus.
Based on the analyses of the information on the pest-host plant system, the different units that are needed to design the survey have to be defined and tailored to the situation in each Member State. The size of the defined target population and its structure in terms of the number of epidemiological units need to be known. When several pests have to be surveyed in the same plant species or forest area, it is recommended that the same definitions for the epidemiological unit and inspection unit are used for each pest in order to optimise the survey programme as much as possible.
To design a survey on B. xylophilus the following steps will generally be necessary: 6/ Implement the sampling procedure suggested by the reference laboratory within the epidemiological units and estimate its effectiveness in order to determine the overall detection method sensitivity. For example, when examining the host plants, a representative number of plants should be sampled and examined. RiBESS+ can be used to calculate the method sensitivity based on the inspected number of trees, test sensitivity (i.e. the probability that PWN is detected in the sample, if it is present in the tree or other wood object from which the sample was collected) and a predefined prevalence level (e.g. 1%). This method sensitivity is in turn needed to calculate the number of inspection sites (Step 8). In the case of traps, the method sensitivity is directly determined by the effectiveness of the trapping combined with the subsequent detection probability of the nematodes within the captured beetles. 7/ Define the risk factors. A risk factor affects the probability that a pest will be present in a specific portion of the target population. By including the risk factors identified in Section 1.8, the survey focuses mainly on those areas that are more likely to be infested by the target species. It may not always be possible to identify or include a risk factor in the survey design. Risk factors can only be included when both the relative risk and the proportion of the overall target population to which they apply are known or can be reliably estimated.
8/ Determine the sample size. RiBESS+ can be used to calculate how many epidemiological units need to be surveyed in order to achieve a predefined confidence level (e.g. 95%) and a predefined prevalence level (e.g. 1%), while also including the method sensitivity from Step 6 and the risk factors identified in Step 7. This will, for example, result in the number of epidemiological units where host EFSA Supporting publication 2020: EN-1782 trees are present that have to be surveyed in order to state with 95% confidence that the prevalence of B. xylophilus in the target population will be at 1% or below. 9/ Summarise and evaluate. At this stage, it is necessary to evaluate whether the above steps have resulted in a survey design that matches the available resources, meaning that a feasible number of inspections can be performed within an acceptable time frame per inspection, and resulting in a feasible number of samples. If not, available resources should be adjusted, or the survey design should be adjusted. This can be done by going back to Step 2 (adjusting the number of components) or
Step 6 (when rebalancing method sensitivity and sample size).
10/ Integrate the pest-based survey into a host-plant or crop-based survey (optional).
11/ Select the survey sites from the list of available locations.
12/ Consider which data are needed and how these data will be reported.
13/ Develop or update the specific instructions for the inspectors.
Glossary Term Definition* Buffer zone
An area surrounding or adjacent to an area officially delimited for phytosanitary purposes in order to minimise the probability of spread of the target pest into or out of the delimited area, and subject to phytosanitary or other control measures, if appropriate (ISPM 5: FAO, 2019).
Component (of a survey)
A component is a survey entity which can be distinguished based on its target population, the detection method (e.g. visual examination, laboratory testing, trapping) and the inspection unit (e.g. vectors, branches, twigs, leaves, fruits). A pest survey comprises various components. The overall confidence of the survey will result from the combination of the different components.
Confidence
Sensitivity of the survey. Is a measure of reliability of the survey procedure (Montgomery and Runger, 2010) .
Design prevalence
It is based on a pre-survey estimate of the likely actual prevalence of the pest in the field (McMaugh, 2005) . The survey will be designed in order to obtain at least a positive test result when the prevalence of the disease will be above the defined value of the design prevalence. In 'freedom from pest' approaches, it is not statistically possible to say that a pest is truly absent from a population (except in the rare case that a census of a population can be completed with 100% detection efficiency). Instead, the maximum prevalence that a pest could have reached can be estimated, this is called the 'design prevalence'. That is, if no pest is found in a survey, the true prevalence is estimated to be somewhere between zero and the design prevalence (EFSA, 2018).
Delimiting survey
Survey conducted to establish the boundaries of an area considered to be infested by, or free from, a pest (ISPM 5: FAO, 2019).
Detection survey
Survey conducted in an area to determine whether pests are present (ISPM 5: FAO, 2019).
Diagnostic protocols
Procedures and methods for the detection and identification of regulated pests that are relevant to international trade (ISPM 27: FAO, 2016).
Epidemiological unit
A homogeneous area where the interactions between the pest, the host plants and the abiotic and biotic factors and conditions would result in the same epidemiology should the pest be present. The epidemiological units are subdivisions of the target population and reflect the structure of the target population in a geographical area. They are the units of interest to which statistics are applied (e.g. a tree, orchard, field, glasshouse, or nursery) (EFSA, 2018).
Expected prevalence
In prevalence estimation approaches, it is the proportion of epidemiological units expected to be infected or infested.
Identification
Information and guidance on methods that either used alone or in combination lead to the identification of the pest (ISPM 27: FAO, 2016).
Inspection
Official visual examination of plants, plant products or other regulated articles to determine whether pests are present or to determine compliance with phytosanitary regulations (ISPM 5: FAO, 2019).
Inspection unit
The inspection units are the plants, plant parts, commodities or pest vectors that will be scrutinised to identify and detect the pests. They are the units within the epidemiological units that could potentially host the pests and on which the pest diagnosis takes place (EFSA, 2018) .
Inspector
Person authorised by a national plant protection organisation to  Target population size and geographic boundary. (EFSA, 2018) Test
Official examinations, other than visual, to determine whether pests are present or to identify pests (ISPM 5: FAO, 2019).
Test specificity
The conditional probability of testing negative given that the individual does not have the disease of interest (Dohoo et al., 2010) . The test diagnostic specificity (DSp) is the probability that a truly negative epidemiological unit will test negative and is related to the analytical specificity. In freedom from disease it is assumed to be 100%.
Visual examination
The physical examination of plants, plant products, or other regulated articles using the unaided eye, lens, stereoscope or microscope to detect pests or contaminants without testing or processing (ISPM 5: FAO, 2019).
